The ability to utilize aromatic acids as sources of carbon and energy for growth is a property widely distributed among bacteria, including representatives of the family Enterobacteriaceae such as Escherichia coli (4, 7) and Klebsiella spp. (1, (17) (18) (19) 39) . Among the acids degraded by laboratory strains and clinical isolates of E. coli are 3-phenylpropionic and 3-(3-hydroxyphenyl)propionic acids. A branched meta-fission pathway used for the catabolism of these compounds has been described (4). 3-Phenylpropionate and 3-(3-hydroxyphenyl)propionate are each converted by separate routes to 3-(2,3-dihydroxyphenyl)propionate (Fig. 1) . Cleavage of the benzene moiety between ring carbons 1 and 2 yields the meta ring fission product which is ultimately degraded to succinate, acetaldehyde, and pyruvate. A total of seven known enzyme activities are involved in these conversions. This pathway is among the longest catabolic sequences described for E. coli, and as such, regulation of the expression of the requisite genes is likely to be complex.
As the first step in a detailed genetic investigation of this pathway, a number of mutants defective for growth on the phenylpropionates were isolated after chemical mutagenesis. To facilitate the characterization of large numbers of these mutants, simple colorimetric tests for intermediate accumulation were developed. The phenotypes of mutants predicted by these tests were confirmed by enzyme assays, and in addition, these assays proved useful for elucidating the identities of the chemical inducers for the various genes of this pathway. These preliminary results indicate that the regulation of synthesis of the enzymes for the E. coli phenylpropionate pathway may be similar to that for other meta-fission pathways in Alcaligenes eutrophus (22) and in pseudomonads (2, 40, 46 Pathway for the degradation of 3-phenylpropionic acid and 3-(3-hydroxyphenyl)propionic acid by E. coli K-12. The metabolites are as follows: 3-phenylpropionic acid (hydrocinnamic acid, HCA) (I), cis-3-(3-carboxyethyl)-3,5-cyclohexadiene-1,2-diol (II), 3-(3-hydroxyphenyl)propionic acid (m-hydroxyphenylpropionic acid, MHP) (III), 3-(2,3-dihydroxyphenyl)propionic acid (2,3-DHP) (IV), 2-hydroxy-6-ketononadienedioic acid (ring fission product) (V), 2-keto-4-pentenoic acid (enol) (VI), succinic acid (VII), 4-hydroxy-2-ketovaleric acid (VIII), acetaldehyde (IX) , and pyruvic acid (X) . Enzymes a through g are encoded by genes hcaA and -B and mhpA through -E as indicated. Gene designations follow the convention of Demerec et al. (11) .
Dihydroxyphenoxyacetic acid was prepared by basecatalyzed condensation of bromoacetic acid with pyrogallol as described by Christiansen (5) . The structure of this compound was confirmed by high-resolution 1H nuclear magnetic resonance.
The following compounds were prepared as described previously: 3-(3-hydroxyphenyl)propionic acid (MHP; Fig.  1 , compound III) (4), 3-(2,3-dihydroxyphenyl)propionic acid (2,3-DHP; Fig. 1 , compound IV) (3), 4-methyl-2-ketobutyrolactolactone (41), 3-(2-hydroxyphenyl)propionic acid (44) , and the ring fission product 2-hydroxy-6-ketonona-2,4-dienedioic acid (Fig. 1, compound V) , the latter by using the enzymatic procedure of Dagley et al. (8) . Compound V was recrystallized from acetone-petroleum ether; solutions of this compound were also conveniently prepared directly from 2,3-DHP by the action of heat-treated cell extracts of Acinetobacter sp. strain PC/4 (8) . Solutions of 2-keto-4-pentenoic acid (Fig. 1, keto form, compound VI) were prepared as described by Collinsworth et al. (6) and solutions of 4-hydroxy-2-ketovaleric acid (Fig. 1 , compound VIII) by mild alkaline hydrolysis of 4-methyl-2-ketobutyrolactone (9) .
Media and culture methods. The minimal medium used was that described by Hareland et al. (21) . When used as sources of carbon for growth, aromatic acids were supplied at 0.5 mg/ml and glycerol at 1 mg/ml. Nutritional supplements were supplied at the following concentrations: Lamino acids, 40 ,ug/ml; nucleotide bases, 20 ,ug/ml; and vitamins and cofactors, 5 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from tional freeze-thaw cycles, particulates were removed by centrifugation at 27,000 x g for 20 min, and the supernatant was used as a cell extract for enzyme assays. Protein was determined by the method of Lowry et al. (34) or by measuring the absorbance at 230 and 260 nm as described by Kalb and Bernlohr (31) .
Enzyme assays. 3-(2,3-Dihydroxyphenyl)propionate dioxygenase, ring-fission product hydrolase, 2-keto-4-pentenoate hydratase, and 4-hydroxy-2-ketovalerate aldolase (Fig. 1, enzymes d , e, f, and g, respectively) were assayed as previously described (4). 3-Phenylpropionate dioxygenase (Fig. 1 , enzyme a) and 3-(3-hydroxyphenyl)propionate hydroxylase (enzyme c) activities were not readily detected in extracts prepared as described above. These enzymes were assayed indirectly with an oxygen electrode by using intact washed cells. For either activity, 0.4 ,umol of substrate was added to 1.5 ml of reaction mixtures containing 75 ,xmol of air-saturated 0.05 M phosphate buffer (pH 7, 30°C) and whole washed cells. Stimulation of the rate of 02 consumption was measured. Initially, when mutant or uninduced strains were used, i.e., those for which it was suspected that the initial substrate could not be catabolized to completion, 32 ,umol of glycerol was added prior to the addition of substrate. It was later found, however, that this had no effect other than to increase the basal (Fig. 1 , compound V) was added; disappearance of the yellow color indicated the presence of enzyme e. Characterization of intermediates. Methods for the spectral characterization, isolation, and chromatographic identification of compounds present in culture filtrates have been described previously (4) .
Induction studies. To test the effects of inducers and potential inducers on wild-type and mutant strains, cultures were grown overnight at 30°C in minimal medium containing 0.1% glycerol and necessary nutritional supplements, diluted 1:10 in the same medium, and incubated for 1 h with shaking at 30°C. The compound to be tested was added to a final concentration of 0.2 g/liter (1 to 2 mM), and incubation was continued for 4 h for strain W3747 and its derivatives and 12 h for CR34 and its derivatives. Chloramphenicol was added to a concentration of 100 pLg/ml, and cells were harvested by centrifugation and washed with 0.05 M phosphate buffer, pH 7.0. A portion of the cells was saved for whole cell assays, and the remainder was used for the preparation of cell extracts for enzyme assays.
Isolation of phenylpropionate-defective mutants. Strains CR34 and W3747 were treated with ethylmethane sulfonate as described by Miller (36) . Mutants were screened for their ability to utilize 3-phenylpropionate or 3-(3-hydroxyphenyl)propionate by replica plating. Mutants with impaired ability to grow on one or both of these compounds were analyzed further.
Reversion tests. To test whether mutant strains would revert to the wild-type phenotype, 0.1 ml of a fresh overnight culture was plated on 3-phenylpropionate and 3-(3-hydroxyphenyl)propionate minimal medium with supplements. A crystal of N-methyl-N'-nitro-N-nitrosoguanidine or a piece of sterile filter paper wetted with 2 drops of ethylmethane sulfonate was placed in the center, and the plate was incubated at 30°C. Similar plates with no mutagen were prepared, and growth was scored over a period of 9 days. The appearance of three or more colonies on a plate was considered a reversion. Most strains, however, yielded between 20 and several hundred revertants on at least one of the plates.
RESULTS
Enzyme induction. It was previously shown that enzymes of the phenylpropionate pathway, depicted in Fig. 1 , are inducible (4). Respirometry with washed cells suggested that the enzymes used to convert the initial substrates, HCA and MHP, to 2,3-DHP were under separate control. Enzymes a and b appeared to be induced only after growth with HCA, while enzymes c through f were induced after growth on either substrate. In an effort to clarify which compounds serve as or lead to the formation of inducers, strain W3747, which is wild type for phenylpropionate utilization, was grown in the presence of a number of substrates and analogs.
Assays with intact cells revealed that synthesis of enzyme a ( Fig. 1 ed with no apparent activity as inducers: 3-(2-methoxyphenyl)propionic acid, 2-hydroxy-6-ketonona-2,4-dienedioic acid (ring ission product), 3-(2-hydroxy-3-methoxyphenyl)propionic acid, 2-hydroxyphenoxyacetic acid, 3-hydroxyphenxyacetic acid, and 2,3-dihydroxyphenoxyacetic acid.
c NT, Not tested.
compounds tested produced little, if any, detectable activity of this enzyme. Enzymes c throughf (and probably g) were also induced in the presence of HCA and, in addition, when cells were grown in the presence of the 2-hydroxy, 3-hydroxy (MHP), and 2,3-dihydroxy (2,3-DHP) derivatives of HCA. Since the 2-hydroxy compound does not serve as a growth substrate, it may be a gratuitous inducer, but this was not rigorously proven. Substrate analogs with different ring substituents and side-chain substitutions were also tested for inducing activity (Table 2 ). Thiophenoxyacetic acid, in which themethylene of the side chain is replaced by a sulfur atom, and the 2-methyl derivative of HCA both appeared to have some activity, as judged by slightly increased levels of enzymes e and f in cells grown in the presence of these compounds; there was no detectable induction of any of the other enzymes. The 2-methoxy and 2-hydroxy-3-methoxy derivatives of HCA and the 2-hydroxy, 3-hydroxy, and 2,3-dihydroxy derivatives of phenoxyacetic acid (3-methylene replaced by oxygen) had no apparent activity as inducers. The ring-fission product 2-hydroxy-6-ketonona-2,4-dienedioic acid (Fig. 1 , compound V) also failed to induce synthesis of pathway enzymes. Therefore, these compounds either are not recognized by the controlling elements of this pathway or are not transported into the cells or both.
CEM Edwards and Ewing (13) described the HCA or phenylpropionic acid medium as one used in the taxonomic studies of bacteria of the family Enterobacteriaceae. The CEM described in Materials and Methods is simply their HCA medium from which the 3-phenylpropionate (HCA) has been omitted. D'Allesandro and Comes (10), who first described the HCA medium, attributed the burgundy color to accumulation of an ortho diphenol. Based on the known pathway for HCA degradation in E. coli (4), it seemed likely that the dark red color formed by E. coli strains was due to 2,3-DHP accumulation (see Fig. 2 ).
Strain RB1066 formed a red color on CEM containing 0.2 g of HCA per liter (HCA-CEM). Washed cells from a culture grown in glycerol medium containing HCA as an inducer were incubated with aeration for 40 h in HCA-CEM containing chloramphenicol (100 ,ug/ml). Cells were removed by centrifugation, and the spectrum of the supernatant gave a single broad peak in the visible region with a maximum at 500 nm. A similar spectrum (Xmax = 510 nm) was observed when 2,3-DHP was incubated with CEM in the absence of cells.
When cells were grown on the rich CEM to saturation, the pH of the medium increased from 7.2 to 8.7. When proline was omitted from HCA-CEM, the color response was much less pronounced. These effects of pH and proline were examined in the experiment illustrated in Fig. 3 . When the supernatant (pH 8.7) from a culture grown on CEM without proline was incubated with 2,3-DHP, the absorbance at 510 nm increased rapidly (panel A), with a greater increase when proline was included than when it was omitted. When fresh medium not exposed to cells (pH 7.2) was used, the increase was much slower in either the presence or absence of proline. When 2,3-DHP was incubated with minimal medium adjusted to pH 8.7 (panel B), similar increases were seen in the absorbance at 510 nm in the presence and absence of proline, and again the responses were greatly diminished at pH 7.2. Thus, incubation of 2,3-DHP with the components of CEM led to the formation of a reddish product, similar to that seen with certain mutant strains grown on CEM containing HCA or MHP. The rate of accumulation of this colored product was more rapid in medium in which cells had been grown, and this increase in rate appeared to be due to an increase in pH. The color formed from 2,3-DHP in the absence of proline was browner (Xmax = 440 nm) and less intense than the burgundy color formed with proline (Xmax = 520 nm). This effect was also seen when red color-forming mutants were plated on HCA-and MHP-containing CEM in the presence or absence of proline.
Other mutants accumulated a yellow product when grown on HCA-or MHP-containing CEM. Supernatants from such strains grown on glycerol in the presence of HCA had the spectral properties of compound V (4).
(ii) Characterization of mutants. Of the 45 mutants of strain W3747 and 39 mutants of strain CR34 obtained after chemical mutagenesis, 36 were chosen for further analysis because their growth phenotypes were especially tight ( Table  1) . Seven of these mutants grew with HCA but not with MHP, seven grew with MHP but not HCA, and 22 grew with neither. These mutant strains were plated to CEM supplemented with HCA, MHP, or 3PB. The latter compound proved a useful indicator of the presence of enzymes a and b (Fig. 1) . Wild-type cells grown on CEM containing 3PB initially turned the medium a pale yellow, which after prolonged incubation turned to reddish brown. The results of these color and growth tests combined with those of the qualitative hydrolase assay (enzyme e, Fig. 1 ) allowed the placement of these mutant strains into eight phenotypic classes ( Table 3) .
The Hca-Mhp+ strains could be further divided into two classes on the basis of their ability to convert HCA to a UV light-absorbing product with properties consistent with those of a dihydrodiol. Culture supernatants from strains LW375 and LW378 grown on glycerol in the presence of HCA had strong absorbances in the UV region, with a maximum at 267 nm. After acidification, the absorbance maximum shifted from 267 to 270 nm, with a decrease in the extinction coefficient. After acidification and ether extraction, the 2-hydroxy derivative of HCA and considerably smaller amounts of the 3-hydroxy derivative were identified by thin-layer and paper chromatography. These properties are consistent with the accumulation and acid-catalyzed dehydration (16) of the dihydrodiol of HCA (compound II, Fig. 1 ) (4). Mutants of this class are designated HcaB-( Table 3 ). The spectra of culture supernatants from the remaining five mutants (designated HcaA-B? in Table 3 ) grown on glycerol in the presence of HCA showed that the HCA in the medium remained essentially unchanged. The remaining 29 strains fell into seven classes (Table 3) . Fourteen strains could be unambiguously identified by the criteria above as being defective for one of three pathway enzymes. Seven of those were defective for MHP 2-hydroxylase (Fig. 1, enzyme c) , four for 2,3-DHP dioxygenase (d), and three for the hydrolase (e), encoded by genes designated mhpA -B, and -C, respectively. Six additional mutants appeared to have pleiotropic defects. The strains designated class 4 in Table 3 appeared to have residual hydrolase activity, as judged by the qualitative assay (see Materials and Methods); it took considerably longer for the yellow color to disappear (4 to 18 h) with these mutants than for wild-type strains or mutants not defective for enzyme e (less than 60 min). Mutants designated MhpA-B-C-had no detectable hydrolase activity in this assay. That two of these mutants failed to revert suggests that they might be deletion mutants. The defects in the class 6 and 7 mutants were not obvious from these tests and are discussed below.
Further characterization of mutants. Enzyme assays were used to further confirm the phenotypes suggested for several of the mutant classes described in Table 3 . Strains defective for enzymes a (LW373), c (LW279 and LW303), and d (LW287), as judged by growth and color tests, had levels of these respective enzymes that were at or below the limits of detection even after induction (Table 4) . Without a substrate for enzyme b, the enzyme could not be assayed directly. However, strain LW378, a mutant supposedly defective for this enzyme, could be shown to possess all of the other activities assayed. Although not shown in Table 4 , strains LW293 and LW353, judged to be MhpC-(defective for enzyme e) by color and growth tests, were also assayed. The addition of HCA or MHP to cells growing on glycerol resulted in the accumulation of yellow coloration in the medium with a concomitant rapid decrease in the growth rate, apparently due to the toxicity of the ring fission product, compound V. Because of these adverse growth conditions, it was not possible to perform enzyme assays with HCA or MHP as the inducer. Consequently, extracts were prepared from cells grown on glycerol in the presence of 3-(2-hydroxyphenyl)propionate, the apparent gratuitous inducer described earlier (see previous section on enzyme induction). When prepared under these conditions, extracts had elevated levels of enzymes d and f, but extremely low levels of enzyme e.
Mutants designated class 6 appeared to have normal or only slightly depressed levels of enzymes a, c, d, and e after induction. At first glance, one would expect these strains to grow with HCA and MHP since one of the products of the reaction catalyzed by enzyme e is succinate, which supports growth of E. coli. If, however, a defect in an enzyme further down the pathway resulted in the formation of a toxic intermediate, one might expect growth on HCA and MHP to be inhibited. The results in Table 4 indicate that the activity of enzyme f, while not totally absent, was unchanged by the presence of inducers. It thus appears that this enzyme may be uninducible, leading to the transient accumulation of toxic levels of 2-keto-4-pentenoic acid (Fig. 1, compound VI). That a toxic intermediate was formed was further indicated by the fact that, like the MhpC-mutants described above, growth of the class 6 strains on glycerol was inhibited by the addition of HCA and MHP to the medium, but with no change in the color of the medium.
The lone class 7 mutant, LW354, apparently had defects unrelated to those in the class 6 mutants. In this strain, the initial oxygenases a and c could not be detected, while other enzymes appeared to be unaffected. This strain may contain more than one mutation. Regulation of enzyme synthesis. In addition to confirming phenotypes, the enzyme assays documented in Table 4 also helped to further define which compounds served as inducers. Strains LW279 and LW303, defective for enzyme c and hence unable to metabolize MHP, expressed enzymes d, e, f, and (probably) g at induced levels when grown in the presence of MHP. A strain blocked at enzyme d, LW287, which converted HCA and MHP to 2,3-DHP but no further, showed induced levels of enzymes e,f, and g when grown in the presence of either growth substrate. Strains blocked at enzymes a or b (LW373 and LW378, respectively) and unable to convert HCA to 2,3-DHP showed very poor induction of enzymes d and e when grown with HCA but normal induction when grown with MHP. These two strains exhibited levels of enzyme f which appeared to be unchanged by the presence of inducers. In strain LW378 (defective for enzyme b), there appeared to be some induction of enzyme a, but its activity was lower than expected.
In summary, these data suggest that (i) HCA (Fig. 1,  compound I ) or its dihydrodiol (II) induced the synthesis of enzymes necessary for its conversion to 2,3-DHP, but are poor inducers of enzymes c, d, e, f, and g; (ii) the 2-hydroxy (see Table 2 ), 3-hydroxy (MHP), and 2,3-dihydroxy (2,3-DHP) derivatives of HCA induced the synthesis of enzymes c through g, but failed to induce the synthesis of a, and their effect on b remains to be shown; and (iii) the metabolism of aromatic substrates to nonaromatic metabolites appears to be unnecessary for high-level synthesis of any pathway enzyme. In addition, these data indicate at least three distinct levels of control. The hca genes appeared to be regulated separately from the mhp genes, since they responded to different chemical signals. Class 6 mutants differed from both Hca and Mhp mutants in that the product of the mhpD gene, enzyme f, was made at a similar level regardless of the presence or absence of inducers. If this apparent uninducibility is due to a lesion in an activator, this would suggest that these genes are under positive control.
DISCUSSION
In this paper, we report the isolation and characterization of mutants of E. coli defective for phenylpropionate degradation. Strains with defects in each of the five initial enzymes for HCA and MHP degradation (enzymes a through e, Fig. 1 ) were isolated and characterized. Mutants pleiotropically defective for enzymes c, d, and e were also isolated. A third category of mutants, in which enzyme f appeared to be uninducible, was also obtained.
The ability of the mutant strains to produce colored products from the initial growth substrates allowed rapid screening of large numbers of strains. The red color formed from HCA and MHP by some mutants was shown to be due to the accumulation in the medium of 2,3-DHP and therefore is indicative of dioxygenase (enzyme d)-defective mutants. It is noteworthy that D'Allesandro and Comes (10) observed a similar HCA-dependent color reaction with strains from the VOL. 168, 1986 on October 28, 2017 by guest http://jb.asm.org/ family Enterobacteriaceae and attributed it to the formation of an oxidizable ortho diphenol in the presence of amino acids. The incidence of this color-forming property has been documented by Edwards and Ewing (13) . It is known that oand p-dihydric phenols readily autooxidize to the corresponding quinones and semiquinones. Purple-red colors develop when p-benzoquinone and other quinones react with proline, apparently owing to the formation of charge transfer complexes (37) .
Other mutants formed a yellow color in the medium. The product formed by such mutants grown on glycerol in the presence of HCA or MHP had spectral properties consistent with its being the ring fission product, compound V, and mutants accumulating this yellow color had very (Fig. 1) and will prove useful in the isolation and chemical characterization of this dihydrodiol. As expected, LW378, a strain which accumulated the dihydrodiol, had detectable levels of dioxygenase (enzyme a) activity towards HCA, whereas strain LW373, a representative of the second class, unable to accumulate the dihydrodiol, did not. The activity of enzyme a seen in LW378 was less than that seen in induced wild-type cells. This may reflect the inadequacy of the assay for this type of mutant or may be a true reflection of a lower level of induction in this strain exerted by HCA or its dihydrodiol. What is evident is that at least one of these compounds can serve as an inducer.
The defects in mutants designated MhpA-, MhpB-, MhpC-, class 4, and MhpA-B-C-in Table 3 seemed clear from color and growth tests and were confirmed directly for the first three of these classes by enzyme assays. Mutants of class 6 and class 7 failed to form colored products and to grow with either HCA or MHP and so were unexpected. Enzyme assays with the class 6 mutants (Table 4) revealed that these strains had no obvious defects in enzymes a through e, and as such, we would have expected that these strains would grow on the succinate generated in the reaction catalyzed by enzyme e. While present in the class 6 strains, levels of enzyme f appeared to be unaffected by the presence of inducers, suggesting that 2-keto-4-pentenoic acid (Fig. 1 , compound VI) might accumulate transiently in these strains. The ox-amino acid analog of compound VI, allylglycine, is highly toxic to a number of bacterial species, including E. coli (12) . That deamination of allylglycine to 2-keto-4-pentenoic acid is involved in this toxicity is suggested by the observation that among mutants of E. coli isolated for their resistance to allylglycine, half had defects in D-alanine dehydrogenase (R. P. Burlingame, Ph.D. thesis, University of Minnesota, St. Paul, 1983), an enzyme of broad substrate and inducer specificity (14) that might be expected to carry out this deamination reaction. These mutants might also prevent the entry of allylglycine into cells since active transport of amino acids is coupled to D-alanine dehydrogenase activity (28) (29) (30) . In this connection, wildtype strains are less sensitive to allylglycine when grown in the presence of HCA or MHP or when these compounds are used as principle carbon sources for growth, conditions in which rapid dissimilation of 2-keto-4-pentenoic acid would be expected due to increased levels of enzyme f. In accordance with this hypothesis, it was observed that growth on glycerol of class 6 mutants, unlike that of wild-type cells, was inhibited by the presence of HCA or MHP.
It cannot be assumed that all strains that failed to form colored products from and failed to grow with HCA and MHP are of the class 6 type, since another mutant, LW354, shared these properties but was still inducible for enzyme f.
Evidently, LW354 is a double mutant, lacking both enzymes a and c, and can be distinguished from the class 6 type by growth on 3PB-containing CEM. No color was formed on this medium by LW354, a property characteristic of all other Hca-mutants (Table 3 ). The color formed on 3PB-containing CEM by wild-type and Hca+ mutants is presumed, by analogy with our earlier conclusions, to be due to the accumulation of 3-(2,3-dihydroxyphenyl)butyrate, a compound previously shown to be formed by the action of a Pseudomonas species on 3PB (42) .
Unlike the ortho-fission pathways, in which nonaromatic substrates can act as inducers (33, 38) , the inducers for the meta pathways all appear to be aromatic. Enzymes for p-cresol degradation in Alcaligenes eutrophus (22) and for phenol (46) and 4-hydroxyphenylacetate (2) degradation in Pseudomonas putida are all induced by aromatic substrates, and additionally, the initial hydroxylases are regulated independently from subsequent enzymes. Ribbons obtained similar results with Pseudomonas aeruginosa (40) . The conclusions for the phenol pathway in P. putida were based on the observation that a mutant that was deficient for phenol hydroxylase but constitutive for subsequent enzymes reverted to give strains in which all pathway enzymes were inducible. We have no convincing evidence for regulation of the MHP hydroxylase (encoded by mhpA) independent of the enzymes encoded by mhpB or -C. Interestingly, however, we isolated after UV mutagenesis a mutant in which mhpA was inducibly expressed (as measured in the wholecell assay), mhpB was defective, and mhpC was constitutively expressed (activity measured in extracts), although at a ten-fold-lower level than in fully induced wild-type cultures (R. P. Burlingame, Ph.D. thesis). The whole-cell assay does not preclude the possibility that this strain is a transportdefective mhpA constitutive mutant, but it will be interesting to see how revertants of this strain behave. studied in plasmid-encoded systems. The TOL (pWWO) pathway for the degradation of benzoate and several other aromatic acids in P. putida mt-2 (15, 20, 23-25, 35, 47) is the best understood. The genes specifying degradation of these acids are believed to be organized in a single operon (20, 25) . Our data do not allow us to draw such broad conclusions. However, since the early enzymes for MHP degradation (c, d, and e) are induced several hundred fold under conditions in which the latter enzymes are induced only severalfold (Table 2) and (4) , separate levels of control are indicated for these sets of enzymes. Conclusions about the regulation and order of the TOL plasmid genes were in part deduced by cloning and expressing them in E. coli (20) . It should be appreciated that the late enzymes of the phenylpropionate pathway are isofunctional to the corresponding enzymes encoded by TOL. Until the regulation of these E. coli enzymes is more completely understood, conclusions about these late TOL-encoded activities derived from functionally merodiploid constructs should be made with caution.
